Ammer JJ, Grothe B, Felmy F. Late postnatal development of intrinsic and synaptic properties promotes fast and precise signaling in the dorsal nucleus of the lateral lemniscus.
THE DORSAL NUCLEUS of the lateral lemniscus (DNLL) lies within the fibers of the lateral lemniscus (LL) ventral to the inferior colliculus (IC; Fig. 1A ). The DNLL contains mainly GABAergic neurons (Adams and Mugnaini 1984; Roberts and Ribak 1987; Saint Marie et al. 1997; Vater et al. 1997; Winer et al. 1995) of heterogeneous morphology (Bajo et al. 1993; Iwahori 1986; Kane and Barone 1980; Wu and Kelly 1995) . Despite this heterogeneity, these neurons stain almost homogeneously for parvalbumin (PV) in guinea pig (Caicedo et al. 1996) , rabbit (Kuwada et al. 2006) , rat (Lohmann and Friauf 1996) , and bat (Vater and Braun 1994) . DNLL neurons receive ascending excitatory inputs from neurons of the ipsilateral medial superior olive (MSO) (Glendenning et al. 1981; Kelly et al. 2009; Oliver 2000; Shneiderman et al. 1988; Siveke et al. 2006) and from the contralateral lateral superior olive (LSO) (Oliver 2000) . A strong reciprocal connection between the bilateral DNLL nuclei exists through the commissure of Probst (Glendenning et al. 1981; Kelly et al. 2009; Oliver and Shneiderman 1989; Shneiderman et al. 1988) . Thus the GABAergic output that DNLL neurons generate is at the same time equivalent to one of their major inputs. Besides this reciprocal GABAergic connection, the DNLL projects bilaterally to the IC (Adams 1979; Bajo et al. 1993; Gonzalez-Hernandez et al. 1996; Shneiderman et al. 1988) .
In accordance with the circuit's anatomy, DNLL neurons process binaural sound information (Brugge et al. 1970; Burger and Pollak 2001; Kelly et al. 1998; Kuwada et al. 2006; Markovitz and Pollak 1994; Meffin and Grothe 2009; Pecka et al. 2007 Pecka et al. , 2010 Seidl and Grothe 2005; Siveke et al. 2006; Yang and Pollak 1994) . At the level of the DNLL the binaural information has become more robust compared with the MSO (Pecka et al. 2010) . The temporal precision in response to sound stimulation, judged by the vector strength, is high in DNLL neurons (Seidl and Grothe 2005; Siveke et al. 2006 ) and apparently maintained compared with superior olivary complex (SOC) neurons (Brand et al. 2002; Pecka et al. 2008; Smith et al. 1998; Tollin and Yin 2005; Yin and Chan 1990) . The physiology of the DNLL is suited to suppress the information of bilateral spurious cues (Meffin and Grothe 2009) and is thought to account for the suppression of sound information during reverberations (Burger and Pollak 2001; Pecka et al. 2007 ). These features are related to the physiological hallmark of the DNLL, the long-lasting persistent inhibition provided to the contralateral counterpart and the IC (Burger and Pollak 2001; Faingold et al. 1993; Pecka et al. 2007; Yang and Pollak 1994) . On the behavioral level, this GABAergic inhibition might underlie the precedence effect. This perceptual phenomenon (Blauert 1997; Litovsky et al. 1999; Zurek 1987) describes the suppression of the ability to localize echoes.
Besides the importance of the GABAergic inputs, the properties of the excitatory inputs are crucial for defining the DNLL's output signal. In these neurons postsynaptic integration of excitatory inputs leads to faithful high-frequency firing, sometimes with a small number of additional action potentials (APs) trailing the stimulation (Porres et al. 2011) . The fidelity of generating APs at high rates depends also on the synaptic NMDA component. In turn, the duration of the GABAergic output signal correlates with both the number and the rate of generated APs (Porres et al. 2011) . This correlation suggests that in DNLL neurons a synergy between the excitatory integration and the GABAergic release exists, which adjusts the time course of the GABAergic output signal to the physiologically required duration.
Other cellular parameters that define the physiological properties of DNLL neurons have been partially described in juvenile gerbils (Porres et al. 2011 ) and in more mature rats (Ahuja and Wu 2000; Wu and Kelly 1995) . There exist substantial species-specific differences in some passive membrane properties. In rats the membrane time constant ( m ) is approximately fourfold and the input resistance (R in ) approximately twofold smaller compared with gerbils. Despite these differences, the resting potential and the firing behavior of DNLL neurons are similar (Ahuja and Wu 2000; Porres et al. 2011; Wu and Kelly 1995) . In general, the APs are brief as in other auditory brain stem areas, and almost all cells respond with sustained firing during long-lasting current injections.
During development the progressive change of a given cellular parameter carves out its most important features. Thus investigating the late postnatal development of intrinsic and synaptic properties reveals the functionally most relevant parameters of the neurons studied. For DNLL neurons the most important cellular parameters are those that define the firing precision and integration properties, especially as these neurons fire with high temporal fidelity at high rates (Brugge et al. 1970; Kuwada et al. 2006; Pecka et al. 2010; Seidl and Grothe 2005; Siveke et al. 2006 ) and, at the same time, integrate inhibition over several milliseconds (Burger and Pollak 2001; Pecka et al. 2007 ; Yang and Pollak 1994) .
MATERIALS AND METHODS
Slice preparation. All experiments complied with institutional guidelines and national and regional laws. Animal protocols were reviewed and approved by the Regierung of Oberbayern according to the Deutsches Tierschutzgesetz for the AZ 55.2-1-54.2531.8-211-10. Slices were prepared from Mongolian gerbils (Meriones uniguiculatus) at postnatal days (P) 9 -26. Animals were decapitated, brains were removed in dissection solution containing (in mM) 50 sucrose, 25 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 3 MgCl 2 , 0.1 CaCl 2 , 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-pyruvate (pH 7.4 when bubbled with 95% O 2 and 5% CO 2 ), and 200-m-thick transverse slices containing the DNLL were taken with a VT1200S vibratome (Leica, Wetzlar, Germany). Slices were incubated in extracellular recording solution (same as dissection solution but with 125 mM NaCl, no sucrose, 2 mM CaCl 2 , and 1 mM MgCl 2 ) at 36°C for 45 min, bubbled with 5% CO 2 and 95% O 2 .
Electrophysiology. After incubation slices were transferred to a recording chamber attached to a microscope (BX50WI, Olympus, Hamburg, Germany) equipped with gradient contrast illumination (Luigs and Neumann, Ratingen, Germany) and continuously perfused with extracellular solution. All recordings were carried out at nearphysiological temperature (34 -36°C). Cells were visualized and imaged with a TILL Photonics system (Gräfelfing, Germany) composed of an Imago CCD camera, a Poly-IV monochromator, and its control unit. Voltage-and current-clamp recordings were performed with an EPC10/2 amplifier (HEKA Elektronik, Lambrecht, Germany). For voltage-clamp recordings access resistance was compensated to a residual of 3 M⍀ of its initial value; data were acquired at 20 -40 kHz and filtered at 3 kHz. In current-clamp mode the bridge balance was set to 100% after estimation of the access resistance. For whole cell voltage-clamp recordings an internal solution consisting of (in mM) 105 Cs-gluconate, 26.7 CsCl, 10 HEPES, 20 TEA-Cl, 5 Cs-EGTA, 3.3 MgCl 2 , 2 Na 2 -ATP, 0.3 Na 2 -GTP, 3 Na 2 -phosphocreatine, and 5 QX-314 (pH 7.2) was used. For whole cell current-clamp recordings the internal recording solution consisted of (in mM) 145 K-gluconate, 5 KCl, 15 HEPES, 2 Mg-ATP, 2 K-ATP, 0.3 Na 2 -GTP, 7.5 Na 2 -phosphocreatine, and 5 K-EGTA (pH 7.2).
Synaptic inputs were stimulated with a concentric bipolar electrode (MCE-100X, Scientific Products) that was placed in the fiber tracts of the LL or the commissure of Probst (Fig. 1A) . The stimulation was triggered by the EPC10/2 and conveyed with a stimulator unit (model 2100, A-M Systems, Scientific Products) that allowed manual adjustment of the stimulation strength. Stimulations were applied as a biphasic voltage deflection of 200-s total duration. Synaptic currents were pharmacologically isolated. GABAergic inputs were isolated with 0.5 M strychnine, 20 M DNQX, and either 50 M D-AP5 or 10 M R-CPP. Excitatory inputs were isolated in the presence of 0.5 M strychnine and 10 M SR95531, and in some cases to isolate the AMPA receptor-mediated component either 50 M D-AP5 or 10 M R-CPP was added additionally.
Immunohistochemistry and confocal microscopy. Immunohistochemistry was carried out in tissue from animals between P10 and P25. The animals were anesthetized (0.5% chloral hydrate, 0.2 ml/10 g body wt) and perfused with phosphate-buffered saline (PBS) containing 0.1% heparin and 155 mM NaCl for ϳ5 min before the perfusion was switched to 4% paraformaldehyde. After 20-min perfusion the brains were removed and postfixed overnight. Brains were washed twice in PBS, and brain slices of 40-to 60-m thickness were taken with a VT1000S vibratome (Leica). Standard immunohistochemistry procedures were carried out to stain free-floating slices with primary antibodies (Abs) for calretinin (CR; monoclonal anti-mouse Ab, clone 6B3 or polyclonal anti-rabbit Ab, catalog no. 7699/3H, Swant, Bellinzona, Switzerland), calbindin (CB; polyclonal antirabbit Ab, catalog no. CB38a, Swant), PV (polyclonal anti-rabbit Ab, catalog no. PV 28, Swant), and microtubule-associated protein 2 (MAP-2; polyclonal anti-chicken Ab, catalog no. CH22103, Neuromics, Acris Antibodies, Hildesheim, Germany). Secondary Abs were applied the following day for 2 h at room temperature. These were conjugated with Alexa 488 (Molecular Probes, Invitrogen, Karlsruhe, Germany), or Cy3 (Dianova, Hamburg, Germany). Slices were mounted in Vectashield medium (H-100, Vector Laboratories, AXXORA, Lörach, Germany), and confocal scans were taken with a Leica SP System. Images were acquired with a ϫ25 objective (0.75 NA), leading to a pixel size of 0.781 nm 2 . Data and statistical analysis. Electrophysiological data were analyzed with IGOR Pro (WaveMetrics, Lake Oswego, OR) and Microsoft Excel. Spontaneous postsynaptic currents were extracted by a custom-written template matching routine (Couchman et al. 2010) . The weighted decay time constant was derived from a biexponential function fit to the data and calculated according to w ϭ 1 ·amplitude ( 1 )/amplitude ϩ 2 · amplitude ( 2 )/amplitude. Immunocytochemistry was quantified as described previously (Felmy and Schneggenburger 2004) . In brief, each positively stained cell in each fluorescence channel was marked in Adobe Photoshop and counted. Results are presented as means Ϯ SE. Significance was determined with either paired or unpaired Student's t-test in Excel or, for more than two groups of samples, with a one-way ANOVA test followed by a multiple-comparison Tukey-Kramer test in IGOR Pro. Linear regression analysis was performed with a Tukey-type test on multiple regressions in IGOR Pro. The significance level was set to P Ͻ 0.05 for all cases.
RESULTS
The goal of this study was to comprehensively describe the functional late postnatal development of DNLL neurons. During the developmental period from P9 to P26 gerbils transform from nonhearing to nearly mature hearing animals, with hearing onset around P12 (Finck et al. 1972; Ryan et al. 1982a; Smith and Kraus 1987) . We investigated the expression of calcium binding proteins (CaBPs) during maturation to evaluate the neuronal heterogeneity and then characterized the development of the intrinsic properties and the synaptic inputs of DNLL neurons. This investigation was complemented by estimating the impact of the observed developmental changes in intrinsic and synaptic properties on the precision of AP generation and the translation of excitatory synaptic charge into APs in DNLL neurons at different developmental stages.
Development of calcium binding proteins. The profile of CaBP expression changes during late postnatal development in many mammalian auditory brain stem nuclei (Felmy and Schneggenburger 2004; Lohmann and Friauf 1996) . To describe the developmental expression profile of CaBPs in the DNLL, overview images (Fig. 1B) were complemented by analyzing confocal images of the center of this nucleus. Single confocal sections were used to count the MAP-2-positive cells as reference and the number of cells coexpressing a specific CaBP (Fig. 1, C-E) . PV expression was developmentally regulated and was found in the neuropil and the cellular structures of the DNLL (Fig. 1B) . PV staining of cells of different shape colocalized with MAP-2 expression (Fig. 1C) . The fraction of PV-expressing cells increased from near absence in P9 to 0.76 Ϯ 0.02 in P25 animals (Fig. 1E) . CB expression appeared nearly absent in overview images (Fig. 1B) . However, several cells of different shapes marked positive for CB in all sections (Fig. 1D) . The percentage of cells expressing CB was ϳ25% and showed only a modest change during late postnatal development (0.17 Ϯ 0.01 in P9 to 0.26 Ϯ 0.02 in P25). CR expression was largely absent at all ages tested (Fig. 1B) , with a negligible fraction of positively stained neurons (Fig. 1E) . Thus, similar to rats (Lohmann and Friauf 1996) , the DNLL of gerbils shows a mixed PV and CB expression pattern throughout late postnatal development. It might therefore be expected to encounter two distinct cellular behaviors in DNLL neurons segregated according to the relative CaBP expression pattern.
Development of passive membrane properties. The passive membrane properties of neurons such as resting membrane potential (E rest ), m , R in , and cell capacitance (C m ) influence the integration of synaptic inputs and hence adjust the neuronal input-output function.
To describe the development of these parameters in DNLL neurons of gerbils, four age groups were investigated (P9/10, P13, P17, and P23-26). Experimentally, these parameters can be estimated from a small voltage deflection close to the resting potential imposed by small hyperpolarizing current injections (5-10 pA, 500 ms, at least 50 repetitions per cell; Fig. 2A ). E rest did not change significantly during the developmental period investigated ( Fig. 2B ; P9/10: Ϫ58.7 Ϯ 1.2 mV; P13: Ϫ59.5 Ϯ 1.4 mV; P17 Ϫ60.8 Ϯ 1.7 mV; P23-26: Ϫ59.8 Ϯ 0.9 mV; ANOVA, P Ͼ 0.05). Exponential functions were fitted to the onset and offset of the voltage response, and for each cell an average value of m was calculated. The population average of m became significantly shorter during late postnatal develop-ment ( Fig. 2C ; P9/10: 25.0 Ϯ 1.7 ms; P13: 14.5 Ϯ 2.6 ms; P17: 19.1 Ϯ 3.0 ms; P23-26: 9.6 Ϯ 0.9 ms; Tukey-Kramer P9/10 vs. P23-26: P Ͻ 0.05). During the same developmental period R in decreased 1.7-fold (P9/10: 231 Ϯ 20 M⍀; P13: 148 Ϯ 31 M⍀; P17: 170 Ϯ 24 M⍀; P23-26: 137 Ϯ 10 M⍀; TukeyKramer P9/10 vs. P23-26: P Ͻ 0.05). The effective cell size, C m , is proportional to m /R in and decreased significantly during development ( Fig. 2C ; P9/10: 118 Ϯ 8 pF; P13: 104 Ϯ 11 pF; P17: 118 Ϯ 15 pF; P23-26: 70 Ϯ 4 pF; Tukey-Kramer P9/10 vs. P23-26: P Ͻ 0.05). This reduction in apparent cell size led to further analysis of the specific leak conductance (the inverse of R in , normalized with C m ). The specific leak conductance showed that the membrane of DNLL neurons became significantly leakier during this developmental period ( Fig. 2C ; P9/10: 47 Ϯ 4 pS/pF; P13: 108 Ϯ 26 pS/pF; P17: 76 Ϯ 15 pS/pF; P23-26: 140 Ϯ 16 pS/pF; Tukey-Kramer P9/10 vs. P23-26: P Ͻ 0.05). Therefore, the changes in estimated cell size and specific leak conductance lead to smaller membrane time constants, allowing for a temporally more precise synaptic integration. Note that, consistent with earlier reports (Porres et al. 2011) , the variability between cells even in a single age group was substantial. However, for no age group was a segregation of the data into two distinct subclasses, as might be expected from the relative CaBP expression patterns, observed.
Development of action potential and firing properties. Besides the basic membrane properties that influence the integration time course, the properties of AP generation and firing behavior are important determinants describing the excitability and the output pattern of a neuron. APs were elicited with a 1-ms current injection ranging from 0 to 2.5 nA incremented in 100-pA steps (Fig. 3A) . From the first suprathreshold trial the values of the current and voltage threshold and the AP amplitude and half-width were extracted (Fig. 3B ). During the late postnatal development the current threshold (I thr ) of the AP normalized to cell size decreased significantly (Tukey-Kramer P23-26 vs. P9/10, P13, P17: P Ͻ 0.05) from 13.7 Ϯ 1 pA/pF in P9/10 animals to 9.7 Ϯ 0.9 pA/pF in P23-26 animals. The voltage threshold (E thr ) of AP generation between P9/10 and P23-26 decreased significantly from Ϫ37.0 Ϯ 1.0 mV at P9/10 to Ϫ41.8 Ϯ 1.0 mV at P23-26 (Tukey-Kramer P9/10 vs. P23-26: P Ͻ 0.05). The AP height was defined as the voltage difference from E thr to the peak of the AP and increased significantly with age (Tukey-Kramer P23-26 vs. P9/10, P13: P Ͻ 0.05), reaching a deflection of 82.2 Ϯ 1.5 mV in the most mature animals. The same significant change was observed when AP height was determined from rest and is opposite to findings in the MSO, where somatic AP height decreases during development (Scott et al. 2005) . A major developmental alteration occurred in the AP duration measured as AP halfwidth. The AP half-width decreased almost fourfold from 663 Ϯ 67 s in P9/10 to 177 Ϯ 5 s in P23-26 (Tukey-Kramer P23-26 vs. P9/10, P13: P Ͻ 0.05). It should be noted that, apart from the AP half-width in mature animals, all parameters related to AP generation showed a large cell-to-cell variability even within a single age group, without segregating into two distinct subclasses.
An important property of cells in the auditory brain stem pathways is how rapidly two APs can be generated in succession, or how long the refractory period after a single AP lasts. To estimate the refractory period, two current injections of 1 ms were delivered with interstimulus intervals ranging from 0.5 to 10 ms and incremented in 0.5-ms steps (Fig. 3C ). The amplitude of the current injection was set to 300 pA above I thr to ensure reliable generation of an AP with the control current injection. The absolute refractory period (ref abs ) was defined as the time window when no AP was generated upon the second current injection. The relative refractory period ( rel ) was defined as the time constant of the recovery of the maximal AP velocity (max V=). To quantify rel , a single-exponential function was fitted to the average of the max V= values of each cell (Fig. 3C ). During late postnatal development the ref abs decreased significantly from 1.58 Ϯ 0.24 ms in P9/10 animals (Tukey-Kramer P23-26 vs. P9/10: P Ͻ 0.05) to 0.61 Ϯ 0.05 ms in P23-26 animals (Fig. 3D ). An equally significant reduc- tion (Tukey-Kramer P23-26 vs. P9/10: P Ͻ 0.05) was observed for rel (Fig. 3D ). The shorter refractory periods indicate that mature DNLL neurons are capable of firing higher rates of APs compared with immature neurons.
To investigate whether mature DNLL neurons sustain higher firing rates for prolonged periods, firing properties were investigated by analyzing the firing frequency and adaptation to a 500-ms step current injection with increasing intensity (Ϫ50 to 800 pA, 50-pA increments; Fig. 4A ). Irrespective of age, all neurons showed sustained AP firing. However, the AP frequency increased about threefold from P9/10 to P23-26 at an injected current of 600 pA (Fig. 4B ). In addition, the maximal firing frequency was computed for each neuron from the response to the 500-ms current injection that yielded the highest AP count. In accordance with the developmental decrease of the refractory period, this maximal firing rate increased about fourfold from P9/10 (78 Ϯ 5 Hz) to P23-26 (212 Ϯ 15; Tukey-Kramer P23-26 vs. P9/10, P13, P17: P Ͻ 0.05; Fig. 4C ). As in the MSO (Scott et al. 2005 ) and the nucleus laminaris (Gao and Lu 2008) , the current threshold to long steps normalized to the cell's size increased significantly during late postnatal development ( Fig. 4C ; P9/10: 1.2 Ϯ 0.1 pA/pF; P23-26: 2.5 Ϯ 0.3 pA/pF; Tukey-Kramer P23-26 vs. P9/10: P Ͻ 0.05). This apparent discrepancy to short current injections (Fig. 3B) can be explained by the interplay between the different pulse lengths and the developmental alterations in the membrane time constant (Fig. 2C) . Short current pulses are not sufficiently long to charge the membrane to equilibrium (Couchman et al. 2010) . Compared with DNLL neurons in younger animals, P23-26 DNLL neurons with smaller m will charge faster and get closer to the equilibrium of the membrane potential during a 1-ms current injection. Therefore, to depolarize the membrane potential to E thr more current is needed in DNLL neurons of younger gerbils during short current injections compared with P23-26 neurons. The situation is different when longer pulses have enough time to charge the membrane potential to the equilibrium level (Fig. 4C ). In this case the R in determines the degree of depolarization. In accordance with the decreased R in in P23-26 animals, these neurons display the highest current threshold for long pulses compared with other age groups.
Next, the AP frequency adaptation was analyzed for all cells by extracting the interspike intervals (ISIs) at each neuron's individual half-maximal frequency. Plotting these ISIs against their corresponding number (Fig. 4D ) revealed that-in contrast to neurons from young animals-nearly no AP frequency adaptation existed at mature stages. Averaging the different age groups over the first 15 ISIs showed a clear developmental reduction in adaptation indicated by shallower slopes in Fig.  4D , inset. Furthermore, an increase in the number of neurons with a "pauser" firing behavior was found from P17 on. This increase was evident as a prolonged initial ISI in P17 but was mainly found in P23-26 data (Fig. 4D, inset) . This prolonged initial ISI in older animals indicates the increased expression of Fig. 3 . Neuronal excitability increases during late postnatal development. A: sub-and suprathreshold voltage responses were evoked by a short current pulse (1 ms, between 0 and 2.5 nA in 100-pA increments). The example shows recordings of a P23 neuron. The last subthreshold trial and the first suprathreshold trial are shown in black. The first action potential (AP) evoked with the lowest current injection was used for further analysis shown in B. B: development profile of AP thresholds and waveform. Open circles are single cells (P9/10: n ϭ 25, P13: n ϭ 12, P17: n ϭ 15, P23-26: n ϭ 25); filled circles are averages of the 4 age groups. Current threshold (I thr , normalized to membrane capacitance; top) and voltage threshold (E thr ; upper middle) were extracted from trials of the first suprathreshold response. AP amplitude (lower middle) reflects voltage difference from E thr to AP peak. AP half-width (HW; bottom) was measured at half the AP amplitude from AP threshold. C: refractory period of AP generation was probed with a paired-pulse paradigm of 1-ms current injections adjusted to 300 pA above I thr and the interpulse interval incremented with 0.5 ms between 0.5-ms and 10-ms interspike intervals (ISIs; top). The last trial that evoked no second AP and the first that triggered an AP with both pulses are shown in black. AP refractory period was analyzed from the peak of the first derivative of the voltage responses shown in A (max V=; bottom). The interpulse interval of the first dual AP response was taken as the absolute refractory period (see D). The relative refractory period was determined by fitting a single-exponential function to max V= values starting from the last pulse that evoked no AP. D: AP refractory properties during the late postnatal development. Top: absolute refractory period (ref abs ). Bottom: relative refractory period ( rel ) as a function of postnatal day. Open circles represent single cells (P9/10: n ϭ 6, P13: n ϭ 6, P17: n ϭ 13, P23-26: n ϭ 14); filled circles are averages of the 4 age groups.
a fast transient potassium current during development. Taken together, our recordings suggest that developmental alterations in membrane properties and channel expressions produce DNLL neurons that are capable of precise AP firing at high rates.
Development of GABAergic inputs to DNLL neurons.
To analyze the properties of the GABAergic input, pharmacologically isolated GABAergic inhibitory postsynaptic currents (IPSCs) were evoked via the commissure of Probst with a single fiber shock at different intensities (Fig. 5A ). For each stimulation intensity 10 trials were recorded to generate an average IPSC (Fig. 5A ). From these average IPSCs the peak current and the decay time constant were determined. As the decay of these IPSCs was best fitted with a biexponential function, a weighted decay time constant was calculated. The initial observation was that during development the decay of the GABAergic IPSCs became significantly faster (Tukey-type test for elevations P23-26 vs. P9/10, P13, P17: P Ͻ 0.05; Fig.  5B ). The developmental reduction of the decay time constant was partially dependent on an increase of the fast fraction of the decay time constant (Fig. 5B) . A second important finding was that the decay time constants depended on the peak amplitude of the respective IPSCs (Fig. 5B) . Large IPSCs tended to have a smaller fraction of the fast decay time constant and hence were more dominated by the slow decay kinetics of the GABAergic current. The dependence between the time course of the IPSC and its amplitude suggests a postsynaptic interaction of liberated neurotransmitter such as transmitter pooling or spillover (Balakrishnan et al. 2009; Farrant and Nusser 2005) . Furthermore, the relationship between the weighted decay time constant and the IPSC amplitude appeared developmentally regulated (Fig. 5B) . The slopes of these linear regressions decreased during development (Fig.  5C ). Thus the time course of the IPSC shows less amplitude dependence in older animals compared with young animals, indicative of a reduction of a possible postsynaptic contribution to the IPSC time course.
To estimate the minimal kinetics of the GABAergic inputs, spontaneous IPSCs (sIPSCs) were recorded in the same cells as the evoked IPSC. An average sIPSC was generated from all extracted sIPSCs of a given cell and fitted with a singleexponential function for later analysis (Fig. 5D ). For all detected sIPSC events of a given cell a frequency histogram of the peak sIPSC amplitudes was generated and fitted with a Gaussian function to determine the mean of the sampled sIPSCs (Fig. 5E ). The extracted sIPSC amplitude is considered to correspond closely to the quantal size of these inputs. During development the mean peak amplitude of the GABAergic sIPSCs became slightly larger, from 27.2 Ϯ 1.7 pA in P9/10 animals to 34.1 Ϯ 3.7 pA in P23-26 animals (Fig. 5F ). The 20 -80% rise time of the average GABAergic sIPSC indicated a slight reduction from P9/10 (0.27 Ϯ 0.03 ms) to P23-26 (0.20 Ϯ 0.02 ms) that, however, remained insignificant (Fig.  5F ). In contrast, the decay time constants of the averaged GABAergic sIPSCs were reduced significantly during the late postnatal development (Fig. 5G) . Thus the kinetics of both the evoked IPSCs and the sIPSCs become faster during development.
Next, we asked whether the developmental refinement of the time course of the evoked release can be explained by the developmental changes in sIPSC kinetics. Therefore, the time constants derived from the smallest evoked IPSCs were plotted as a function of the cell's sIPSC decay time constants (Fig.  5G) . The size of the smallest evoked responses was not significantly different for the tested age groups (Ϫ527 Ϯ 260 pA for P9/10 and Ϫ301 Ϯ 81 pA for P23-26 animals). The decays of the evoked events were slower than those of the spontaneous events for all age groups (paired t-test P Ͻ 0.05), yet their relative difference remained constant for each age group during development and the variance of the rise time of Fig. 4 . AP frequency increases during late postnatal development. A: input-output functions were generated by current injections of 500-ms step ranging from Ϫ50 to 800 pA in 50-pA increments. Example traces of a P24 neuron show subthreshold responses in dark gray and the first suprathreshold response in black. B: average input-output function for all 4 age groups (P9/10: n ϭ 24, P13: n ϭ 12, P17: n ϭ 15,; P23-26: n ϭ 23). C: maximal firing frequency (top) for all individual neurons (open) and averages for each age group (filled). The input-output function (B) and the maximal frequency (C) were computed from the spike count over the whole 500-ms duration of the current injection. I thr (bottom) represents the average current amplitude needed to evoke an AP with the protocol described in A normalized to the individual cell's membrane capacitance. D: duration of the ISI in milliseconds vs. number of the respective ISI for all cells at their individual halfmaximal firing frequencies. Inset: pooled data for each age group for the first 15 ISIs. The different slopes indicate stronger adaptation in younger animals. Red, P9/10; green, P13; blue, P17; black, P23-26. the evoked IPSCs remained unchanged. Together these findings indicate a developmentally unchanged precision of the release mechanism. These findings show that the developmental reduction of the decay time constants of the sIPSC can largely explain the acceleration of the evoked responses. Thus in mature animals GABAergic IPSCs follow a faster time course than previously suggested (Pecka et al. 2007) .
Development of glutamatergic inputs to DNLL neurons. To investigate the development of glutamatergic inputs to DNLL neurons, the stimulation electrode was placed in the LL ventral to the DNLL. For a comparison between age groups the stimulation intensity was set to 20% above threshold of the minimally evoked excitatory postsynaptic current (EPSC). Glutamatergic inputs were segregated into synaptic AMPA and NMDA currents by recording at holding potentials of Ϫ70 and ϩ50 mV, respectively. From 10 -15 trials average evoked EPSCs were generated and fitted with an exponential function to quantify the amplitude and the decay time constant (Fig. 6A) . The amplitude of the AMPA current was taken from the peak of the evoked current. To correct for developmental changes in the decay time constant of the NMDA component, the amplitude value of the synaptic NMDA current was measured at the time indicated by its decay time constant (Fig. 6A ). Under these conditions the peak amplitude of the synaptic AMPA currents did not change during late postnatal development (Fig. 6B,  top) . In contrast, the NMDA-to-AMPA ratio decreased significantly (Tukey-Kramer P23-26 vs. P9/10: P Ͻ 0.05) from 0.67 Ϯ 0.10 at P9/10 to 0.27 Ϯ 0.10 at P23-26, indicating a downregulation of the synaptic NMDA current (Fig. 6B, bottom) . Furthermore, a developmental speeding of the AMPA-and NMDAmediated components was observed. The decay time constant of the synaptic AMPA currents nearly halved from 4.04 Ϯ 0.92 ms at P9/10 to 2.28 Ϯ 0.45 ms at P23-26 (Fig. 6C) , and the NMDA current became threefold faster, with decay time constants decreasing from 26.03 Ϯ 1.3 ms at P9/10 to 8.10 Ϯ 1.96 ms at P23-26 (Fig. 6C) .
To estimate the minimal kinetics of the excitatory inputs to DNLL neurons, AMPA-mediated spontaneous EPSCs (sEPSCs) were recorded in the same cells. An average sEPSC was produced from all isolated sEPSCs of a given cell to determine the kinetics (Fig. 6D) . The frequency histogram of all extracted peak sEPSC amplitudes of each cell was fitted with a Gaussian function (Fig. 6E) . The population average of the mean sEPSC amplitudes derived from the peaks of the Gaussian fits did not significantly change during development (Fig. 6F) . In contrast, the rise time of the average sEPSCs accelerated significantly (Tukey-Kramer: P23-26 vs. P9/10: P Ͻ 0.05) during development (Fig. 6F) .
To illustrate the developmental change of the decay kinetics of the EPSCs and the synchrony of release, the decay time constants of the sEPSC and the evoked EPSC were plotted against each other (Fig. 6G) . Both the evoked EPSC and sEPSC decay time constants accelerated significantly during development (Tukey-Kramer: P23-26 vs. P9/10: P Ͻ 0.05). The average sEPSC decayed with a time constant of 0.92 Ϯ 0.16 ms at P9/10 and with 0.55 Ϯ 0.08 ms at P23-26, whereas the average evoked response decayed with a time constant of 4.05 Ϯ 0.82 ms at P9/10 and with 1.79 Ϯ 0.32 ms at P23-26. Similar to the GABAergic inputs, the difference between evoked EPSCs and sEPSCs was significant (paired t-test, P Ͻ 0.05 for P13, P17, P23-26), remaining three-to fourfold throughout development. Thus the reduction of the decay time constants of the sEPSC largely explains the acceleration of the evoked responses. Furthermore, our data show that during development the excitatory inputs to DNLL neurons became faster. The reduction in NMDA current might imply that the synaptic plasticity of DNLL neurons declines and that the NMDA-dependent amplification (Porres et al. 2011 ) becomes reduced.
Synaptic and intrinsic alterations contribute to the developmentally improved precision of AP generation. The ability to code signals fast and precisely is essential for neurons involved in binaural auditory processing. Developmental changes in intrinsic and synaptic properties have been shown to improve the precision of excitatory postsynaptic potential (EPSP)-AP coupling (Cathala et al. 2003) , thus increasing response precision to incoming inputs. To dissect the influence of synaptic and intrinsic changes on the precision of AP generation in the For responses recorded at Ϫ70 mV the minimal value after the stimulation artifact was extracted. For responses recorded at ϩ50 mV the value at the decay time constant was used. B: EPSC amplitudes recorded at Ϫ70 mV and evoked with 20% suprathreshold stimulation intensity as a function of age (top). Bottom: NMDA-to-AMPA (N/A) ratio derived from the amplitude measurements as a function of age (P9/10: n ϭ 10, P13: n ϭ 9, P17: n ϭ 10, P23-26: n ϭ 9). C: for all individual neurons, the decay time constants recorded at ϩ50 mV are plotted vs. the decay time constants recorded at Ϫ70 mV. The dashed line indicates unity. D: spontaneous EPSCs (sEPSCs) recorded in a neuron of a P26 animal. The average sEPSC (black trace) was used to calculate the 20 -80% rise time (F) and fitted with an exponential function (white dotted line) to determine the decay time constant (G). E: the histogram of sEPSC amplitudes was fitted with a Gaussian, and the peak of this fit was used to compare sEPSC amplitudes between neurons (F). F: sEPSC amplitude and rise time of the average sEPSC as a function of age. Open symbols represent single cell values; filled symbols represent average data of the specific age group. G: decay time constants of sEPSCs plotted vs. decay time constants of the smallest evoked EPSC for each cell. Gray symbols represent single cell values, black symbols represent average values of the specific age group (P9/10: n ϭ 5, P13: n ϭ 6, P17: n ϭ 6, P23-26: n ϭ 6), and dotted line indicates unity. Throughout figure: open circles, P9/10; filled circles, P13; open diamonds, P17; filled diamonds, P23-26.
DNLL, we injected current waveforms simulating the EPSC kinetics of P9/10 (young) or P24 -26 (mature) AMPA currents into neurons of P9/10 and P24 -26 (Fig. 7A) . The current amplitudes were scaled to evoke an AP in about half of the trials (18 -59%) to investigate AP precision directly at threshold and ensure comparability of data among cells.
The mean latency and the jitter of AP generation are classically used as measures for AP precision. During late postnatal development, the mean latency decreased from 3.9 Ϯ 0.1 ms for the young EPSC and 2.9 Ϯ 0.06 ms for the mature EPSC in P9/10 neurons to 2.4 Ϯ 0.14 ms and 2.0 Ϯ 0.08 ms in the P24 -26 neurons, respectively ( Fig. 7B ; t-test: P9/10 young vs. P24 -26 young P Ͻ 0.05; t-test: P9/10 mature vs. P24 -26 mature P Ͻ 0.05). The jitter was reduced from 331 Ϯ 26 s for the young EPSC and 242 Ϯ 21 s for the mature EPSC in P9/10 neurons to 247 Ϯ 28 s and 185 Ϯ 14 s in the P24 -26 neurons ( Fig. 7C ; t-test: P9/10 young vs. P24 -26 young P Ͻ 0.05; t-test: P9/10 mature vs. P24 -26 mature P Ͻ 0.05). Hence, the temporal precision of AP generation increases about twofold during postnatal development.
The contribution of the changes in the synaptic and intrinsic properties to AP precision can be estimated by comparing the responses to the two different simulated EPSCs within and between the two age groups. The mature EPSC waveform led in both P9/10 and P24 -26 to significantly reduced latency and jitter (Fig. 7 , B and C; all paired t-tests P Ͻ 0.05). The relative change for the mean latency and the jitter in response to young and mature injected current waveforms between P9/10 and P24 -26 indicates the contribution of the intrinsic developmental alterations to the AP generation. An increase in temporal precision between 36% (mean latency) and 25% (jitter) is due to a change in the intrinsic properties. The synaptic contribution to the increase in temporal precision is accordingly estimated by calculating the relative change between young and mature current injections for both age groups. This revealed that between 21% (mean latency) and 26% (jitter) increase in temporal precision is due to the decrease in the synaptic decay time constant. Thus intrinsic and synaptic changes contribute nearly equally to the developmentally increased precision in AP generation.
Furthermore, it has been shown that the precision of AP generation depends on the time the membrane potential spends close to threshold (Rodriguez-Molina et al. 2007) . Along this line both, the developmental stage and the choice of injected simulated EPSC influenced the time that the membrane potential remains within 1 mV of the maximum of the average subthreshold response (top 1 mV EPSP: P9/10 young 1.5 Ϯ 0.1 ms; P9/10 mature 1.0 Ϯ 0.1 ms; P24 -26 young 1.0 Ϯ 0.1 ms; P24 -26 mature 0.8 Ϯ 0.1 ms; besides P9/10 mature vs. P24 -26 young all pairings are significantly different, t-test, P Ͻ 0.05). The time window that the membrane potential spends within 1 mV of AP threshold corresponded well to the observed jitter (Fig. 7D) , again indicating that developmental changes in both intrinsic and synaptic properties lead to faster membrane potential dynamics near threshold and more precise AP generation.
NMDA current supports AP generation throughout development. Recently it was shown that the postsynaptic response of DNLL neurons is amplified in an NMDA-dependent manner (Porres et al. 2011 ), yet what the direct relation is between the NMDA current and the postsynaptic amplification was not explored. Here, we find that the synaptic NMDA component is developmentally reduced, which poses the question of whether the input amplification can be maintained during development and how the different synaptic charge is integrated at different stages of development. In addition, the membrane potential influences the AP generation in DNLL neurons (Porres et al. 2011) , and therefore perturbations of the cell by whole cell recordings might alter postsynaptic integration. During on-cell recordings the membrane potential is less affected by washout effects, but APs can still be reliably detected. Thus on-cell recordings are ideally suited to test whether NMDA currents are indeed capable of amplifying AP generation in DNLL neurons of different developmental stages. First, to test the assumption that the current deflections recorded in on-cell mode represent APs, responses to different fiber stimulation intensities were recorded in on-cell mode and subsequently after breakin in the current-clamp whole cell configuration. The same stimulation intensities were repeated 10 times, and the responses were averaged for on-cell and current-clamp whole cell recordings (Fig. 8A) . In general, the number of current deflections recorded in on-cell mode corresponded with the number of APs recorded in the whole cell configuration for both P23-26 (n ϭ 2) and P14 -15 (n ϭ 7) (Fig. 8B ). Thus the current deflections recorded in on-cell mode represent APs.
To directly test the involvement of NMDA currents in the generation of multiple APs upon a single stimulation event, synaptic NMDA currents were blocked by the specific antagonist R-CPP. For these experiments the stimulation strength was adjusted so that multiple APs were evoked initially (Fig.  8C) . After bath application of R-CPP the number of APs recorded in on-cell mode was reduced to one (Fig. 8C ). This APs recorded in whole cell mode. Different stimulation intensities were applied for each cell. Stimulation intensities were adjusted to the same levels during on-cell and whole cell modes. P23 (n ϭ 2) and P14 -15 (n ϭ 7) represent averages of number of APs from 10 trials. Dashed line indicates unity. C: on-cell recordings of evoked APs in a P23 neuron with the same stimulation strength before (Control; left) and after (right) R-CPP application. D: number of APs before and after the application of R-CPP recorded on-cell for 2 age groups: P14 -15 (circles; n ϭ 3) and P23-26 (diamonds; n ϭ 3) neurons. Gray symbols represent single cells and black symbols average value. E: stimulation intensity was adjusted to produce either 1 (not shown) or 2 (top) APs during on-cell recordings. A single example of 10 repetitions is highlighted in black. After break-in, the glutamatergic inputs were recorded at ϩ50 mV and Ϫ70 mV for the same stimulation intensities that corresponded to 1 (not shown) or 2 (middle and bottom) APs. Black trace represents average EPSC of 10 repetitions shown in gray. The synaptic charge was calculated from the average ESPC as indicated by the striped area. F: synaptic charge of EPSCs recorded at Ϫ70 mV evoked by stimulation intensities that elicited 1 or 2 APs: P13-15 neurons (n ϭ 10) in gray, P23-26 (n ϭ 8) in black. G: same as F, but for the EPSC charges recorded at ϩ50 mV. Throughout figure: open circles, P13-15; filled diamonds, P23-26.
NMDA-dependent reduction in AP number was observed in all cells tested irrespective of age (n ϭ 3 for P14/15 and n ϭ 3 for P23-26; Fig. 8D ). Thus the NMDA-dependent amplification is present throughout the late postnatal development, albeit the developmental reduction of the synaptic NMDA current shown above.
We next quantified the amount of the synaptic NMDA current involved in amplifying the postsynaptic response at different developmental stages (P13-14 and P23-26). Therefore, on-cell recordings of APs were followed after the break-in by voltage-clamp recordings at Ϫ70 and ϩ50 mV (Fig. 8E) . The stimulation strength was adjusted to two different intensities to evoke either one or two APs. From 10 -15 synaptic stimulations an average EPSC was derived, and its charge was extracted and compared with the number of evoked APs (Fig. 8E) . In mature animals the extracted EPSC charge correlating with two APs was about threefold larger compared with one AP at holding potentials of Ϫ70 and ϩ50 mV (Fig. 8 , F and G; P Ͻ 0.05). Similarly, for immature animals, a two-to threefold larger charge was correlated with two synaptically evoked APs compared with one (Fig. 8 , F and G; P Ͻ 0.05). However, the absolute values for the EPSC charge indicated a developmental trend. The synaptic charge extracted at Ϫ70 mV was 4.7 Ϯ 0.7 pC for one AP and 14.6 Ϯ 2.0 pC for reliably triggering two APs in P23-26 animals (Fig. 8F) . For immature animals (P13-15) 10.0 Ϯ 2.8 pC and 22.2 Ϯ 4.7 pC corresponded to one and two evoked APs, respectively (Fig.  8F) . The charge transferred at ϩ50 mV appeared smaller in mature compared with young animals. In P23-26 animals 11.2 Ϯ 3.3 pC was associated with one AP and 36.3 Ϯ 11.4 pC with two APs, whereas in P13-15 animals 42.3 Ϯ 16.7 pC was extracted for one AP and 73.5 Ϯ 23.6 pC for two APs (Fig.  8G) . Therefore, a clear trend to smaller charges underlying the generation of one or two APs occurs during development (Fig.  8, F and G) .
DISCUSSION
Here we report alterations of physiologically relevant parameters such as passive membrane properties, AP properties, size and kinetics of synaptic inputs, precision of EPSP-AP coupling, and the role of NMDA receptors in synaptically evoked AP generation during late postnatal development in DNLL neurons of Mongolian gerbils. This is complemented by quantifying the heterogeneity of the developmentally regulated CaBP expression pattern in the DNLL. Taken together, our findings show that DNLL neurons improve fast and precise signal integration during late postnatal development, a prerequisite to sustaining high firing rates with high temporal precision. The temporal precision of DNLL neurons fits to the high precision of lower stages of binaural processing and does not conflict with the DNLL's long-lasting GABAergic action found in in vivo recordings.
Expression of calcium binding proteins indicates two subpopulations of DNLL neurons. As described for other mammals (Caicedo et al. 1996; Kuwada et al. 2006; Lohmann and Friauf 1996; Vater and Braun 1994 ) DNLL neurons are predominantly parvalbuminergic in mature gerbils. The developmental increase in PV expression appears to correlate with the increased ability to hear (Finck et al. 1972; Ryan et al. 1982a; Smith and Kraus 1987) and use sound information in a relevant manner (Kelly and Potash 1986) . The increase of endogenous calcium buffers might be required to quench the possibly enhanced Ca 2ϩ influx due to the increase in physiological firing frequencies at later developmental stages (Seidl and Grothe 2005) . Similar to rats (Lohmann and Friauf 1996) , a fraction of ϳ25% of DNLL neurons are calbindinergic throughout late postnatal development. These CB-positive cells appear morphologically indistinguishable from PV-positive cells. Furthermore, different CaBP expression appears not to be indicative of different intrinsic or synaptic properties of DNLL neurons. That the two CaBP subpopulations represent low-versus high-frequency tuning of DNLL neurons of gerbils is unlikely, as they are not clustered in a specific area related to the known tonotopy of this nucleus (Ryan et al. 1982b) . It remains unclear whether the CB-positive fraction of DNLL neurons marks hypothesized subpopulations with specific functions (Meffin and Grothe 2009; Shneiderman et al. 1999) or an excitatory subpopulation, as it has been estimated that ϳ15% of DNLL neurons are noninhibitory (Saint Marie et al. 1997) .
Development of cellular properties tunes DNLL neurons for fast and precise signal integration. A second anatomical alteration during late postnatal development is the reduction of the effective cell surface, as determined from the estimated cell capacitance. A developmental decrease in cell surface is common among neurons in the auditory brain stem (Chirila et al. 2007; Rautenberg et al. 2009; Rietzel and Friauf 1998; Rogowski and Feng 1981; Sanes et al. 1992) . Such a decrease is of functional importance, as it allows faster charging of the membrane and therefore generates a shorter integration time window. A shortening of the integration time window is further promoted by the decrease in the specific input resistance of these neurons. Thus, similar to rats (Ahuja and Wu 2000) , the developmental regulations of the passive membrane parameters lead to a speeding of cellular voltage responses. This acceleration suggests an improvement of the temporal precision in the information transfer from the SOC via the DNLL to the IC during late postnatal development. This improvement might underlie the capability of these neurons to respond with high temporal fidelity at high rates to sound stimulations (Brugge et al. 1970; Kuwada et al. 2006; Pecka et al. 2010; Seidl and Grothe 2005; Siveke et al. 2006) .
During the late postnatal development the AP half-width decreases threefold. Such a reduction is common in the auditory brain stem and is observed in the MSO (Scott et al. 2005) , the medial nucleus of the trapezoid body (Taschenberger and von Gersdorff 2000) , and the avian nucleus laminaris (Gao and Lu 2008) . In addition to the voltage threshold, the current threshold to short stimuli, which are more similar to the EPSC time course compared with long current injections, decreases in this developmental period. Together, these changes generate neurons that are more excitable and temporally more precise. This implication is illustrated by a decrease in the refractory period, an increase in AP firing frequency, and reduced AP firing adaptation. We suggest that an increase in sodium and potassium channel density together with a decrease in cell surface underlies the developmental increase in excitability. An increase in sodium channel density agrees with the reduction of E thr during late postnatal development. An increase in potassium channel density is consistent with a reduction of R in and the increased number of "pauser" neurons. Physiologically, this enhanced excitability might partially explain the developmental increase of spike rates found in in vivo recordings (Seidl and Grothe 2005) .
Besides the AP half-width, all physiological parameters show a large cell-to-cell variability in the DNLL. The source and the function of this variability remain unclear, as these parameters do not cluster in distinct populations, which would be expected for specific subcircuits. It is tempting to speculate that the cell-to-cell variability of the physiological parameters might match the different frequency contours in the gerbil DNLL (Ryan et al. 1982b ). However, the best frequency of a neuron recorded in our slice preparation remains elusive, and it is unlikely that the variability matches a ventro-dorsal gradient. An alternative explanation for this cell-to-cell variability is that each cell makes use of the same subset of cell parameters with different weights to finally establish its physiologically required input-output function.
Implications of the developmental acceleration of GABAergic inputs to DNLL neurons. Synaptic stimulation showed that the kinetics of the GABAergic inputs to DNLL neurons accelerate 2.5-fold between P9/10 and P23-26. The decay time constants of GABAergic currents reported here differ notably from earlier reports (Pecka et al. 2007 ). The major difference between the recordings in these reports is the concentration of intracellular chloride. The level of intracellular chloride was recently shown to strongly affect the kinetics, especially the decay time course, of GABAergic currents (Houston et al. 2009 ). Compared with the earlier work (Pecka et al. 2007 ), this study employed lower intracellular chloride concentrations closer to normal physiological values. Therefore, we suggest that the GABAergic currents reported in the earlier work were approximately twofold too slow.
The action of the GABAergic inhibition is thought to be the cellular correlate for the persistent inhibition demonstrated in in vivo recordings (Burger and Pollak 2001; Pecka et al. 2007; Yang and Pollak 1994) that might underlie behavioral phenomena such as the precedence effect (Blauert 1997; Litovsky et al. 1999; Zurek 1987) . It had been speculated that the time course of this GABAergic inhibition is mediated by a slow synaptic current (Pecka et al. 2007 ). Here, however, the time course of the fastest GABAergic currents measured does not directly match the predictions of the inhibitory time course from in vivo recordings (Burger and Pollak 2001; Pecka et al. 2007; Yang and Pollak 1994) . This discrepancy can partially be explained by the membrane time constant that prolongs the inhibitory postsynaptic potential (IPSP) in respect to the IPSC drive. Two additional mechanisms might further help to explain the longlasting GABAergic time course found in vivo. On the network level, the integration of many inputs with different latencies could generate a long-lasting inhibition in the target cells in the DNLL and IC. Second, synaptic mechanisms could prolong the GABAergic time course during ongoing activity. This idea is based on findings that show an increased IPSP decay time as a function of stimulation pulse number (Porres et al. 2011) . Evidence that the time course of synaptic transmission might depend on the level of release is given here, as larger GABAergic currents decay slower than small currents. The underlying synaptic mechanism that prolongs the GABAergic IPSPs might be transmitter pooling (Balakrishnan et al. 2009), spillover (Farrant and Nusser 2005) , a transition between phasic and asynchronous release (Lu and Trussell 2000) , or changes in GABA receptor desensitization (Jones and Westbrook 1995) . Thus the fast-decaying single IPSC in mature animals can turn into a long-lasting inhibitory action by multiple mechanisms. Therefore, the developmental acceleration of both the synaptic and intrinsic parameters does not contradict the known long-lasting inhibition in the DNLL or IC. In contrast, it might increase the systems dynamic range, allowing for relatively short as well as long-lasting inhibition.
Development of excitatory inputs supports reliable signal transfer at high rates. Similar to nuclei in the SOC (Joshi and Wang 2002; Kandler and Friauf 1995; Koike-Tani et al. 2005; Magnusson et al. 2005; Taschenberger and von Gersdorff 2000) , the size and kinetics of excitatory inputs to DNLL neurons are subject to developmental changes. The size of the NMDA current is developmentally downregulated. This decrease is inferred from the reduced NMDA-to-AMPA ratio together with the developmental invariance of the size of AMPA currents. Both the evoked NMDA and AMPA currents become faster in decay during late postnatal development. The kinetics of the excitatory inputs appear to be species specific, as the decay time constants obtained from rats (Fu et al. 1997) are about fourfold slower compared with those from gerbils.
From the developmental alterations of the synaptic AMPA and NMDA currents it is expected that APs are triggered less efficiently by excitatory synaptic inputs. The NMDA-dependent postsynaptic amplification (Porres et al. 2011 ) is therefore expected to be developmentally regulated. However, the developmentally increased excitability appears to counterbalance this expectation. This interpretation is consistent with the finding that less synaptic excitatory charge is required to generate APs in the postsynaptic DNLL neurons of mature gerbils.
Even at the oldest age tested, the decay time course of evoked AMPA currents is still about threefold slower than that of spontaneous events. The discrepancy between the AMPA decay time courses of evoked and spontaneous events can be interpreted as largely unsynchronized release. Interestingly, a rather sluggish excitatory transmission might be useful for DNLL neurons. Temporally extended excitatory inputs might allow DNLL neurons to faithfully follow the high firing rates of their presynaptic SOC neurons and produce failure-reduced synaptic information transfer (Brugge et al. 1970; Kuwada et al. 2006; Pecka et al. 2010; Siveke et al. 2006) . We propose that the developmental acceleration of EPSC decays and their remaining unsynchronized release are balanced to allow DNLL neurons to optimize the trade-off between high AP precision and the sustaining of high firing rates. Such a mechanism could be important to keep up the AP firing rates in DNLL neurons and thereby induce a prolongation of the important GABAergic output signal in adult animals (Porres et al. 2011 ).
This study also allows for a comparison of the developmental changes of inhibitory and excitatory inputs to DNLL neurons. The refinement of synaptic GABA, AMPA, and NMDA currents occurs at similar developmental stages in DNLL neurons. Both inhibitory and excitatory inputs appear to mature until P23-26, with the largest change in size, kinetics, or both between P10 and P17. The similar developmental time course of the different synaptic inputs indicates that keeping the balance between excitation and inhibition is crucial throughout late postnatal development and during maturity.
Maturation of cellular properties enhances precision in EPSC/EPSP-AP coupling.
The interaction between synaptic kinetics and intrinsic properties was analyzed in respect to their influence on AP precision. The acceleration of both the synaptic decay kinetics and m increase the precision of AP generation twofold between P9/10 and P24 -26. Thus these alterations produce neurons that are able to respond faster and more precisely to incoming excitatory signals. It should be noted that DNLL neurons are already very precise at age P9/10. Compared with cortical neurons, juvenile DNLL neurons are at least four times more precise (Fricker and Miles 2000; Rodriguez-Molina et al. 2007 ). Mature DNLL neurons with an AP jitter of ϳ185 s match the high AP precision of other auditory brain stem nuclei. In vitro recordings of bushy cells in the anterior ventral cochlear nucleus showed that AP generation jitters of ϳ140 s near threshold (Chanda and Xu-Friedman 2010) . In vivo recordings of neurons in the medial nucleus of the trapezoid body and the MSO report a jitter of first spike latencies between 100 and 900 s ( KoppScheinpflug et al. 2003; Lorteije and Borst 2011; Yin and Chan 1990) . Together these findings demonstrate that auditory neurons throughout the interaural time and level difference circuits up to the DNLL are of exquisite temporal precision.
